For partial discharge (PD) diagnostics in gas insulated switchgears (GISs) based on the ultra-high-frequency (UHF) method, it is essential to study the attenuation characteristics of UHF signals so as to improve the application of the UHF technique. Currently, the performance of UHF has not been adequately considered in most experimental research, while the constructive conclusions about the installation and position of UHF sensors are relatively rare. In this research, by using a previously-designed broadband sensor, the output signal is detected and analyzed experimentally in a 252 kV GIS with L-shaped structure and disconnecting switch. Since the relative position of the sensor and the defect is usually fixed by prior research, three circumferential angle positions of the defect in cross section are performed. The results are studied by time, statistics and frequency analyses. This identifies that the discontinuity conductor of DS will lead to a rise of both the peak to peak value (Vpp) and the transmission rate of the UHF signal. Then, the frequency analysis indicates that the reason for the distinction of signal amplitude and transmission rate is that the mode components of the PD signal are distinctively affected by the special structure of GIS. Finally, the optimal circumferential angle position of the UHF Sensor is given based on the comparison of transmission rates.
Introduction
Gas insulated switchgear (GIS) has been increasingly used in electric power transmission networks since the 1960s for its high reliability and compactness. A survey by CIGRE pointed out that insulation failure is a major fault type in high-voltage (HV) equipment. In particular, the detection technology for partial discharge is the most important. The Ultra-High-Frequency (UHF) method, which detects the electromagnetic (EM) wave radiated by a partial discharge (PD), is used for PD diagnostics, and has obtained wide application thanks to its high sensitivity and immunity to disturbance [1] [2] [3] [4] [5] .
The structure of GIS is similar to the coaxial waveguide, which makes the EM wave spread far away. However, GIS has some special structures and reflection elements, such as isolators, disconnecting conductors, and other electrical equipment which causes changes in the transmission medium and has a great impact on the propagation and attenuation of the EM signal. Furthermore, using the UHF technique in PD detection can be influenced by the position of the sensor, which will in turn affect the PD diagnosis. Therefore, it is necessary to investigate the propagation characteristics of UHF signals in various kinds of GIS structure [6] [7] [8] [9] [10] so as to study the propagation process of UHF signal and obtain optimal performance of the sensor. A considerable amount of research into 
Signal Sampling
Four previously designed planar equiangular spiral antennas (PESA) [25] are placed on the inner side of the GIS tank as internal UHF sensors, which are labeled from No.1 to No.4, respectively, in Figure 2 . Through a BNC seal connector on the cover and a double-shielded coaxial cable, the received UHF signal is recorded by the 4-channel digital oscilloscope (DPO7354C, 3.5 GHz, 40 GS/s, Tektronix, Beaverton, OR, USA). The applied voltage is also obtained from the capacitive voltage divider and observed by another digital oscilloscope (DPO2014, 100 MHz, 1 GS/s, Tektronix, Beaverton, OR, USA). Figure 3 illustrates the experimental setup.
For facilitating the differentiation, the part of L-shaped tank where the defect and the first two sensors are located refers to the anterior branch (AB), and the part containing the No.3 and No.4 sensors refers to L-shaped branch (LB). 
PD Defect
In the tank connected to the bushing in Figure 4 , a protrusion defect imitated by a piece of copper wire is placed on the central conductor. By changing the circumferential position of the defect as shown by the dotted line, the angle θ between the sensor and the defect in the cross section is 0°, 90°, and 180° respectively, and the received signals from each of the sensors are recorded each time. 
Experimental Results of the Defect at θ = 0°
When the DS is closed or open, the result is separately saved under two applied voltage levels in the test. When the DS is closed and the voltage is set as 6.5 kV and 9.6 kV, the time domain results of the four sensors are as shown in Figure 5 . Firstly, it can be seen that the signal arrival time for the four sensors differs clearly. That is, the UHF signal arrives at the position of each sensor, from No. 
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When the DS is closed or open, the result is separately saved under two applied voltage levels in the test. When the DS is closed and the voltage is set as 6.5 kV and 9.6 kV, the time domain results of the four sensors are as shown in Figure 5 . Firstly, it can be seen that the signal arrival time for the four sensors differs clearly. That is, the UHF signal arrives at the position of each sensor, from No. Then, by opening the DS and applying the same two voltages as before, the signal in the time domain is as shown in Figure 6 . Similar to the above, the start time of the four sensors' signals is consecutively delayed, and the amplitude is significantly reduced after passing the LS. However, there is no apparent difference compared with Figure 5 . Next, further analysis is conducted from the perspective of the statistical features and frequency spectrum of the signal. 
Statistical Analysis
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In each case, 30 consecutive measurements were performed, and the results saved for analysis of the statistical features and rules of the signals. Figure 7 shows the peak to peak value (Vpp) attenuation characteristics from the 30 results of signals under two kinds of applied voltage. When the DS is closed, as in Figure 7a , the Vpp continues to decline and the measured deviation decreases with the increase of Energies 2017, 10, 942 6 of 12 the distance from the PD source. This is because of the dispersion occurring in different modes of the EM wave as the propagation distance increases. And the reflection effect of LS to the signal is another reason. The two attenuation curves are relatively smooth, without any mutation between sensor No.2 and No.3, which demonstrates that LS has no evident influence on the overall attenuation trend of Vpp. Additionally, the two curves nearly overlap with each other, which means that the discharge intensity under the two kinds of voltage does not differ much.
When the DS is open, as in Figure 7b , the attenuation of Vpp was found to be greatly distinct from that when the DS is closed. At the position of sensor No.2, which contains a gap of DS, the attenuation curve shows a peak instead of a monotonic decrease. Furthermore, the measured deviation is the largest here, while those in the other three positions still maintain a decreasing order. Since the tank structure at the gap changes from a coaxial waveguide to a circular waveguide, it is more accessible for high-order mode that above TE11 (transverse electric mode 11) to pass the tank with DS. However, because of the discontinuity of wave impedance, the low-frequency transverse electromagnetic (TEM) modes are hard to access DS. Reference [10] states that the transmission rate of low-frequency components remains at around 20%. The peak at sensor No.2 is generated from the superimposition of the traveling wave, the TEM mode reflected by the gap and the reflected high-order mode by LS, which also makes this the largest measured deviation. the overall attenuation trend of Vpp. Additionally, the two curves nearly overlap with each other, which means that the discharge intensity under the two kinds of voltage does not differ much. When the DS is open, as in Figure 7b , the attenuation of Vpp was found to be greatly distinct from that when the DS is closed. At the position of sensor No.2, which contains a gap of DS, the attenuation curve shows a peak instead of a monotonic decrease. Furthermore, the measured deviation is the largest here, while those in the other three positions still maintain a decreasing order. Since the tank structure at the gap changes from a coaxial waveguide to a circular waveguide, it is more accessible for high-order mode that above TE11 (transverse electric mode 11) to pass the tank with DS. However, because of the discontinuity of wave impedance, the low-frequency transverse electromagnetic (TEM) modes are hard to access DS. Reference [10] states that the transmission rate of low-frequency components remains at around 20%. The peak at sensor No.2 is generated from the superimposition of the traveling wave, the TEM mode reflected by the gap and the reflected high-order mode by LS, which also makes this the largest measured deviation. The transmission rate, which refers to the Vpp ratio of signals received by the last three sensors to that of sensor No.1, was statistically analyzed. Basically, the transmission rates were higher when the DS was open, as shown in Figure 8a ,b. The difference between the two states of DS was the largest at No.2, at about 50%, while it was smaller for No.3, at approximately 11%. There was little difference for No.4. This indicates that LS and the discontinuity of conductor near the PD source have great impact over the transmission rate of PD signal. However, in positions that relatively distant from the special structures next to the PD source, their influence is obliterated by the signal attenuation and distortion, and becomes not so obvious. Figure 8 also shows that, in the closed state of Figure 8a , there is a great dispersion between the 30 measurement results which are more centralized as a result of the discontinuous conductor when DS is open as in Figure 8b . In addition, the average transmission rates when the DS was open, as shown in Figure 8a , approach those shown in Figure 8b . It infers that, although there is a great distinction between the two curves in Figure 7b , the signal attenuation rule is not affected by the voltage, which provides certain instruction for the application of propagation characteristics.
This shows that the LS and the gap of the HV conductor have a great impact on the transmission rate of the PD signal. Therefore, the simpler the structure is between the UHF sensor and the PD defect, the higher the transmission rate will be. In the actual diagnosis, choosing a simplified GIS structure to detect PD can truly help demonstrate the discharge characteristics of the defect and evaluate the discharge severity better. The transmission rate, which refers to the Vpp ratio of signals received by the last three sensors to that of sensor No.1, was statistically analyzed. Basically, the transmission rates were higher when the DS was open, as shown in Figure 8a ,b. The difference between the two states of DS was the largest at No.2, at about 50%, while it was smaller for No.3, at approximately 11%. There was little difference for No. 4 . This indicates that LS and the discontinuity of conductor near the PD source have great impact over the transmission rate of PD signal. However, in positions that relatively distant from the special structures next to the PD source, their influence is obliterated by the signal attenuation and distortion, and becomes not so obvious. Figure 8 also shows that, in the closed state of Figure 8a , there is a great dispersion between the 30 measurement results which are more centralized as a result of the discontinuous conductor when DS is open as in Figure 8b . In addition, the average transmission rates when the DS was open, as shown in Figure 8a , approach those shown in Figure 8b . It infers that, although there is a great distinction between the two curves in Figure 7b , the signal attenuation rule is not affected by the voltage, which provides certain instruction for the application of propagation characteristics. This shows that the LS and the gap of the HV conductor have a great impact on the transmission rate of the PD signal. Therefore, the simpler the structure is between the UHF sensor and the PD defect, the higher the transmission rate will be. In the actual diagnosis, choosing a simplified GIS structure to detect PD can truly help demonstrate the discharge characteristics of the defect and evaluate the discharge severity better. 
Frequency Domain Analysis
For the purpose of analyzing the propagation of different EM wave modes, the time domain signals were transformed into the frequency domain using FFT. The cutoff frequencies (CF) of some TE and TM modes were calculated according to the size of the GIS tank [12] [13] [14] , as shown in Table 1 . Next, the range below 1 GHz was designated as the low frequency band, while that between 1 GHz and 2 GHz was designated the middle frequency band, with the high frequency band being ranges above 2 GHz. The signal frequency spectrums of each sensor when the DS was closed and open were plotted together, as Figure 9 shows. It can be seen that the signals of each sensor were all dominated by TE11, and mainly concentrated in the low frequency band and the middle frequency band around TE41. The signals also contained a certain low frequency component below 0.4 GHz. Particularly, the signals in SB were mainly in the range of 0.4-1.2 GHz. While in LB, the component around 1 GHz was obviously attenuated, with the signal frequency range becoming as narrow as 0.4-0.75 GHz. It is shown that the higher frequency part had a large attenuation after passing LS, which was consistent with previous conclusions.
The spectrums differed little between the two states of DS, as shown in Figure 9a , but certain distinctions appeared after passing LS. As for the two spectral curves in No.1 and No.2, the amplitudes were similar to each other in each frequency band. But in No.3 and No.4, after passing LS, the curve with the open DS had decreased in the low frequency band below 0.25 GHz due to the lack of TEM modes [10, 35] . Hence, it separated from the curve with closed DS to some extent, which proves that the discontinuous HV conductor has a filtering effect on the low frequency component. Comparing the spectrums of the four sensors successively, it was found that the amplitudes of most modes had decreased betweenNo.1 and No.2, especially for TE11 and TE21 of the curve with the closed DS. In No.3 and No.4, most modes had further decreased. Notably, however, TM12 began to 
The spectrums differed little between the two states of DS, as shown in Figure 9a , but certain distinctions appeared after passing LS. As for the two spectral curves in No. 1 modes [10, 35] . Hence, it separated from the curve with closed DS to some extent, which proves that the discontinuous HV conductor has a filtering effect on the low frequency component. Comparing the spectrums of the four sensors successively, it was found that the amplitudes of most modes had decreased betweenNo.1 and No.2, especially for TE11 and TE21 of the curve with the closed DS. In No.3 and No.4, most modes had further decreased. Notably, however, TM12 began to progressively increase, instead, which verifies the conclusion that LS has a positive impact on TM mode [28] . Simultaneously, the amplitude of TM12 is larger with the open DS, because of the influence of the gap.
In Figure 9b , the separation in the low frequency band becomes more prominent. The two curves start to separate clearly below 0.7 GHz from No.2. Additionally, the low frequency spectrum when the DS is open is greatly reduced after passing LS. Observing the changing process from No.1 to No.4, it was found that most of the modes, like TE11 and TE21, decreased gradually. The enhancement of TM12 in LB was still significant, which is identical to the result above. In this case, the defect was moved to the position θ = 90 • , as shown in Figure 4 . At this time, the distance from the tip of the protrusion to the tank wall was larger than that when θ = 0 • , because of the mental cover below. The time domain waveforms were similar to before, which is not shown here.
The transmission rate of UHF signals at θ = 90 • is displayed in Figure 10 . The transmission rate has the greatest difference for different states of DS, which was about 18% for No. 
Experimental Results of the Defect at θ = 180°
The defect was moved to the position of θ = 180°, which is directly opposite to θ = 0°, as shown in Figure 4 . The similar waveforms in the time domain are omitted here, too.
The transmission rates of UHF signals at θ = 180°are displayed in Figure 11 . The largest difference of the transmission rates in different states of the DS takes place once more in No.2, at about 41%, while that in No.4 is about 12%, and there is basically no difference in No.3. Moreover, the transmission rate was higher than that at θ = 90°, but still generally lower than that at θ = 0°. 
Discussion of UHF Sensor's Position
Based on the above results, different relative positions of the sensor and the defect do have obvious influences on the received signal. The transmission rate of each UHF sensor at θ = 90° and θ = 180° are both lower than that for the corresponding sensor at θ = 0°. In other words, the transmitting attenuation of the UHF signal is at a minimum when the PD defect and UHF sensor take a circumferential angle of 0°. Thus, this position is regarded as the optimal circumferential angle 
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The defect was moved to the position of θ = 180 • , which is directly opposite to θ = 0 • , as shown in Figure 4 . The similar waveforms in the time domain are omitted here, too.
The transmission rates of UHF signals at θ = 180 • are displayed in Figure 11 . The largest difference of the transmission rates in different states of the DS takes place once more in No.2, at about 41%, while that in No.4 is about 12%, and there is basically no difference in No.3. Moreover, the transmission rate was higher than that at θ = 90 • , but still generally lower than that at θ = 0 • . 
Experimental Results of the Defect at θ = 180°
Discussion of UHF Sensor's Position
Based on the above results, different relative positions of the sensor and the defect do have obvious influences on the received signal. The transmission rate of each UHF sensor at θ = 90 • and θ = 180 • are both lower than that for the corresponding sensor at θ = 0 • . In other words, the transmitting attenuation of the UHF signal is at a minimum when the PD defect and UHF sensor take a circumferential angle of 0 • . Thus, this position is regarded as the optimal circumferential angle position for UHF sensors to detect PD in GIS.
Conclusions
The UHF signal's attenuation in an actual 252 kV GIS with hybrid structure was experimentally investigated in this research. Through the analysis of time, statistical and frequency characteristics of the results, the effect of the DS and LS on the signal's propagation was revealed, helping to improve the understanding of the propagation mechanism. The conclusions are summarized as follows.
1.
The UHF sensor, which works properly with the available installation in GIS, can effectively receive PD-radiated signal and accurately reflect its features in practical PD detection. This could be applied in on-line monitoring of PD in GIS in the future.
2.
Generally, the special structures in GIS, such as LS, have an attenuating effect on UHF signals, and will make is more difficult to identify the start of the rising edge of the waveform. However, the discontinuity conductor of the DS leads to a peak of the Vpp attenuation curve, while the signal transmission rate is also enhanced. In the actual diagnosis, choosing the simplified GIS structure to detect PD can help to accurately demonstrate the discharge characteristics of the defect and evaluate the severity better.
3.
The frequency domain analysis demonstrates that it is the variation of mode components in the PD signal affected by special structure of GIS that lead to the distinctions in amplitude and transmission rates. For instance, the prevention of the TEM mode by the discontinuity conductor, the enhancement of the TM mode and the decrease in TE mode by LS.
4.
The relative position of the sensor and the defect will influence the received signal, especially for the transmission rate. When the circumferential angle between the sensor and defect is 0 • , the transmission rate of the UHF signal is found to be at maximum. Thus, this position is considered to be the optimal circumferential angle position of UHF Sensor to detect PD in GIS.
Future work is planned, in which we will perform more experiments for other kinds of defect; the different propagation and attenuation characteristics of different defects are also expected to be analyzed.
